A new computer program to annotate DNA and RNA three-dimensional structures, MC-Annotate, is introduced. The goals of annotation are to ef®ciently extract and manipulate structural information, to simplify further structural analyses and searches, and to objectively represent structural knowledge. The input of MC-Annotate is a PDB formatted DNA or RNA three-dimensional structure. The output of MC-Annotate is composed of a structural graph that contains the annotations, and a series of HTML documents, one for each nucleotide conformation and base-base interaction present in the input structure. The atomic coordinates of all nucleotides and the homogeneous transformation matrices of all base-base interactions are stored in the structural graph. Symbolic classi®cations of nucleotide conformations, using sugar puckering modes and nitrogen base orientations around the glycosyl bond, and base-base interactions, using stacking and hydrogen bonding information, are introduced. Peculiarity factors of nucleotide conformations and base-base interactions are de®ned to indicate their marginalities with all other examples. The peculiarity factors allow us to identify irregular regions and possible stereochemical errors in 3-D structures without interactive visualization. The annotations attached to each nucleotide conformation include its class, its torsion angles, a distribution of the root-mean-square deviations with examples of the same class, the list of examples of the same class, and its peculiarity value. The annotations attached to each base-base interaction include its class, a distribution of distances with examples of the same class, the list of examples of the same class, and its peculiarity value. The distance between two homogeneous transformation matrices is evaluated using a new metric that distinguishes between the rotation and the translation of a transformation matrix in the context of nitrogen bases. MC-Annotate was used to build databases of nucleotide conformations and base-base interactions. It was applied to the ribosomal RNA fragment that binds to protein L11, which annotations revealed peculiar nucleotide conformations and base-base interactions in the regions where the RNA contacts the protein. The question of whether the current database of RNA three-dimensional structures is complete is addressed.
Introduction
The function of ribonucleic acid (RNA) molecules goes far beyond the roles of genetic information repository and carrier. The structural exibility of RNAs confers a large diversity of three-dimensional (3-D) shapes and functions. 1 The properties that allow RNA to interact with other macromolecules, and in particular to perform catalytic activities, have considerably increased the scienti®c interest for RNAs and, consequently, the number of individuals and industries involved in RNA research.
For over 15 years, three transfer RNAs, the yeast tRNA Phe and tRNA Asp , and the Escherichia coli tRNA Gln , were the only available X-ray crystal structures of biologically active RNAs. As a consequence, the reliability of most RNA structure prediction procedures was evaluated on the capacity in reproducing the tRNA structures, which is a very restrictive learning set. Recently, however, several new RNAs of biological interest were discovered, and experimental techniques that yield medium and high-resolution structural information, such as X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy, are now commonly applied to RNA.
The newly determined structures, as made available in the Protein Data Bank (PDB) 2 and the Nucleic Acids Data Base (NDB), 3 range from a few nucleotides, such as the lead-activated 4, 5 (PDB codes: 1LDZ and 429D) and the hammerhead 6 (PDB code: 1HMH) ribozymes, to several hundreds of nucleotides, such as the P4-P6 domain of the Tetrahymena thermophila group I intron 7 (PDB code: 1GID) and the 23 S rRNA 8 (PDB code: 1FFK). More RNA 3-D structures are expected to be released in the near future, as research groups have been able to obtain low and mediumprecision X-ray density maps of the complete ribosomal assembly. 8 ± 10 It is clear that understanding and establishing the variety of RNA structures and activities, as well as manipulating RNA function, depend upon the acquisition and analysis of RNA structures. For instance, the success of rational development of pharmaceutical products based on RNA relies on a better understanding of RNA structure-function relationships, as well as on the localization of essential RNAs in the living cell.
Geometrical and quantitative analyses of RNA 3-D structures are employed in the validation of new 3-D structures, in the comparison and identi®cation of structural patterns and motifs, in the development of empirical modeling systems, and, more generally, in the studying and learning of structure-function relationships. Only a few 3-D structure analysis methods apply speci®cally to RNA, and all are either based on interactive visualization, which limits analysis to small RNA domains, or on the computation of atomic distances, and bond and torsion angles. 11 ± 13 Because different torsion angle patterns can result in similar conformations, 14 the results of comparative analysis based on torsion angles are not always informative. 15 The unavailability of a quantitative and objective annotation tool prompted us to develop a new computer program, MC-Annotate. We evaluated, de®ned and implemented new computer representations and distance metrics for analyzing and comparing nucleotide conformations and their spatial interactions, hereafter referred to as basebase interactions or, simply, interactions. Base-base interactions stabilize local conformations and determine the folding of the whole structure. For example, the tertiary interaction between U8 and A14 is crucial to the folding of the tRNA Phe (see for instance PDB code: 6TNA) 16 into its characteristic L-shape. 17 The annotation of RNA 3-D structures consists of a preprocessing of the information embedded in their 3-D coordinates. The goals of annotation are to ef®ciently extract and manipulate structural information, to simplify further structural analyses and searches, and to objectively represent structural knowledge. These goals were considered during the development of MC-Annotate. At ®rst, the structural graph of an input structure is generated. The structural graph encodes geometric information about nucleotide conformations and basebase interactions, atomic coordinates and torsion angles. Then, using the geometric information, symbols are computed and attached to each nucleotide conformation and base-base interaction in the structural graph. Using symbols and numbers for representing an RNA structure, rather than atomic coordinates and torsion angles, simpli®es its comparison to other RNAs, as well as the recognition of its motifs. Symbolic annotations are useful to crystallographers and molecular modelers seeking ef®cient analyses of 3-D structures, and identi®cation of relevant structural features and patterns that could be involved in the activity of their molecules. MC-Annotate also made possible the creation of databases of nucleotide conformations and basebase interactions, extracted from all available DNA and RNA 3-D structures, which were indexed using the symbolic information. For instance, these databases were employed to update the parameters and conformational sampling of MC-Sym. 18 Here, MC-Annotate is exampli®ed by the analysis of the ribosomal RNA (rRNA) fragment that binds to protein L11 19 (PDB code: 1QA6), which revealed peculiar nucleotide conformations and base-base interactions in the regions where the rRNA contacts with the protein. The symbols generated by MC-Annotate were also combined into sets de®ning the higher-order patterns, or motifs, of the rRNA domain. Using the geometric and symbolic information, a list of matching patterns from other RNAs were identi®ed. Finally, the question of whether the current database of DNA and RNA 3-D structures is complete was addressed. A complete database would contain all possible and thermodynamically sound nucleotide conformations and base-base interactions. This was made by generating and measuring the distances of randomly generated examples to those currently in the databases.
Results

Local referentials and homogeneous transformation matrices
The local referential of a nucleotide, and thus of a nitrogen base, is de®ned by a Cartesian coordinate system whose position, relative to the base, can be computed from its atomic coordinates (see Figure 1 ). The local referential of a nucleotide can be de®ned arbitrarily, but must be identical for each type of nucleotide. Let u be the unit vector between coordinates of atom N1 and C2 in pyrimidines, and N9 and C4 in purines. Let v be the unit vector between coordinates of atoms N1 and C6 in pyrimidines, and N9 and C8 in purines. Then, the unit vector y of the Cartesian coordinate system lies in the direction given by the sum u v, the unit vector z is oriented along the cross product u Â v, and the unit vector x, following the righthand rule for a Cartesian coordinate system, is given by y Â z. The relative positions of local referentials can be expressed using homogeneous transformation matrices (HTM), which were ®rst developed in the ®eld of geometry, 20 and later extensively used in computer graphics and robotics. An HTM encodes, in the form of a 4 Â 4 matrix, the geometric operations needed to transform objects in 3-D space from one local referential to another. In the base-base interaction context, an HTM describes the spatial relation by a composition of a translation and a rotation between the two local referentials of the nitrogen bases involved.
Let R b1 and R b2 be the local referentials of nucleotides b 1 and b 2 as expressed relative to the global referential centered at the origin (0,0,0). The spatial relation between R b1 and R b2 is then given by the HTM M b13b2 R b1 À1 R b2 (see Figure 1) . In a molecular modeling context such as implemented in MC-Sym, 18 , that is the inverse of the transformation extracted between R b1 and R b2 is equivalent to the one that would have been extracted between R b2 and R b1 .
Nucleotide conformations
Based on traditional de®nitions of nucleotide conformations, their symbolic characterization takes place on two levels. The ®rst one is the position of the furanose ring atoms relative to the general plane of the ring, which determines the sugar puckering mode. The values of the pseudorotation phase angle for furanose rings described by Altona et al. 21 are divided into the ten classes shown in Table 1 . The second is the orientation of the nitrogen base relative to the sugar, which can be determined by the angle around the glycosyl bond, w, de®ned by the atoms O4 H , C1 H , N9 and C4 for purines and the atoms O4 H , C1 H , N1 and C2 for pyrimidines. As accepted by the IUPAC-IUB commision, 22 values of w in the range ( À90 , 90 ) indicate a syn orientation, whereas other values indicate an anti orientation. Since the other parts of a nucleotide are mostly rigid, the two above properties represent a fair qualitative description of nucleotide conformations. The class of a nucleotide conformation can thus be de®ned by its sugar puckering mode and nitrogen base orientation around the glycosyl bond. The corresponding symbols assigned by MC-Annotate are summarized in Table 1 . b 2 ) , performed using the analytical method described by Kabsch 25, 24 (see Figure 2 ). However, d a (b 1 , b 2 ) places the emphasis on the backbone atom positions and orientations relative to the nitrogen base, as shown in Figure 3 . Figure 4 illustrates two situations in which our metric, d, offers a better evaluation of the structural distance between nucleotide conformations than the d a metric.
Base-base interactions
Base-base interactions are de®ned by two nitrogen bases that are either adjacent in the sequence or that form hydrogen (H) bonds, and are thus classi®ed under ®ve different types: adjacent (nonstacked), adjacent-stacked, adjacent-paired, nonadjacent-stacked and non-adjacent-paired (see Table 1 ). Since there is no measurable force between non-adjacent and non-paired or nonstacked bases, they were not classi®ed.
Traditional encodings of adjacent base-base interactions use the six backbone torsion angles a, b, g, d, e and z, 25 or the two pseudotorsion angles Z and y. 26 These parameters accurately describe the relative placement of nucleotides linked by a phosphodiester bond. However, it has already Two symbols from the base type and interacting edges are used, one for each nucleotide involved in the base-pair as indicated by the exponent 2. The MC-Sym numbers for base-pair types of two or more H-bonds are in roman, whereas arabic numbers are used for one-H-bond base-pairing types.
been observed that distinct torsion angle combinations can result in similar backbone directions and base orientations. This phenomenon is known as the``crankshaft effect''. 27, 28 Also, non-adjacent base-base interactions, like base-pairs that are stabilized by H-bonds, as well as non-adjacent base-base stacking, cannot be accurately parameterized using these angles. Rather, a plethora of rotation and translation parameters have been used to describe these interaction.
11 ± 13 A simpli®ed and uni®ed encoding emerged from the introduction of HTMs, and is used here to quantify any type of base-base interaction. In order to allow us to effectively compare base-base interactions, a distance metric between two HTMs, M b13b2 and N b 
H 2 3 Figure 5 shows a two-dimensional vector analogy of equations (1) to (3). Equation (1) states that the distance metric should obviously be commutative. Equation (2) states that a spatial relation should have a null distance with itself, but not with its inverse unless they are equal. Equation (3) states that the distance metric should not depend on the direction of application, implicit in the HTM representation. The Euclidean distance in the 16-dimensional space of HTMs does not satisfy the above properties, since HTMs embed a combination of translation and rotation terms that need to be considered separately. An HTM can be decom- showed how to extract the length of the translation, l, as well as the angle y and the axis of rotation k from matrices T and R. The strength of a transformation, S(M), regardless of the axis of rotation, is de®ned by:
where a represents a scaling factor between the translation and rotation contributions. Figure 6 shows that a scaling factor of 30 /A Ê yields a nice correlation with the RMSD metric, and means that a rotation of 30 around any axis is equivalent to a displacement of 1 A Ê between two nucleotides' local referentials. Using this expression, the distance between two base-base interactions, d(M,N), can be de®ned by:
which satis®es the requirements of equations (1) to (3) . In equation (5), the composition of transformation MN À1 can be seen as the necessary transformation needed to align the local referential R and R b2 are aligned with the global referential. Figure 6 shows that d(M,N) is roughly equivalent to the more standard RMSD, d a , calculated after the optimal global superimposition of the atomic coordinates of the two pairs using the analytical method described by Kabsch. 23, 24 However, our distance metric better discriminates between Figure 5 . Two-dimensional vectorial representation of the distance metric properties. If M and N are two vectors representing spatial relations, one can see that the distance between the extremities of these vectors is independent of the order in which the distance is computed (equation (1)) and is equal to the distance between the extremities of their inverses (equation (3)). Also, the distance between the extremities of a vector and its inverse will be zero only if they are equal (equation (2)). two spatial relations that differ by rotations of the nitrogen bases. Figure 7 shows two situations where the more standard RMSD metric incorrectly interprets the distances because of nitrogen base rotations, whereas our metric returns a better evaluation of the distances. Although HTMs are perfectly suited to uniformly encode base-base interactions, the information they contain is too compact to identify the type of spatial relations they encode without reproducing them in 3-D space, and evaluating other parameters. For this reason, the symbolic annotations of base-base interactions are determined from atomic coordinates.
Base-pairing
H-bonds are weak electrostatic interactions involving hydrogen atoms located between two atoms of higher electronegativity. Being weaker than covalent bonds, they are nevertheless the most signi®cant interactions in the folding and stabilization of DNA and RNA molecules. Hbonds are directional due to the orbital shape of the electron density distributions, and thus favor planar base-pair geometries formed by at least two H-bonds.
Most base-pairing types are planar and subject to base stacking forces within the helical regions where they are found. Base-pairing between two nucleotides can be determined using the empirical method developed in our group, which yields a symbolic classi®cation of the possible H-bonding types. For a given pair of nucleotides, the list that contains all possible types, involving two or more H-bonds as de®ned by Donohue, 30, 31 and involving one H-bond as de®ned by Gautheret and Gutell, 32 r fH 1 Y H 2 Y F F F Y H n g, is considered. A base-pair of geometry X satis®es the pairing H k if P(H k jX) > P(H i jX), H i P r, i T k, that is, the probability of forming pairing H k given geometry X is higher than any other pairing, and P(H k jX) 5 c, that is, the probability of pairing X k given geometry X is higher than cutoff, c, that was empirically ®xed to 0.3. An empirical approximation of the probability of observing base-pairing type H, given the geometry X, P(HjX), can be obtained by considering H to be the set of donor/acceptor pairs that should form H-bonds in the given geometry, and H to be the set of H-bonds that should not form. This approximation can be obtained by the following product:
where P(hjx) represents the probability of forming H-bond h given local geometry x. The local geometry of a pair of donor/acceptor, x, is de®ned by the distance between the donor and acceptor, the angle between the acceptor, the donor and the hydrogen, and the angle between the donor, the acceptor and the lone electron pair. We obtain an approximation 
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of the probability of h by multiplying the probabilities associated to each above parameter, which is computed by the following function:
The constants m and s were obtained empirically for each parameter. The class of a base-pair is usually de®ned by its relative glycosidic bond orientation and the interacting faces of the two bases. 33 But, since these two attributes can de®ne more than one base-pairing type, the H-bonds involved in the pattern must also be present. To simplify the classi®cation of base-pairing types, identi®cation numbers were introduced in MC-Sym, and are used in MC-Annotate to de®ne their classes. 34 Roman numerals indicate the two (or three) H-bond pairings identi®ed by Donohue, 30, 31 whereas arabic numerals indicate the bifurcated and single H-bond pairing patterns generated by Gautheret and Gutell. 32 Table 1 summarizes the different parameters of base-pair classi®cation.
Base stacking
Vertical nitrogen base stacking is a signi®cant stabilizing interaction of DNA and RNA 3-D structures, which plays a major role in their folding and complexation. Stacking occurs more frequently between adjacent, but also non-adjacent, nucleotides, mostly in double-stranded helical regions. The stabilization of base stacking involves London dispersion forces, 35 and interactions between partial charges within the adjacent rings. 36 Evidence for hydrophobic forces between bases in solution, 37 as well as a contradictory non-classical hydrophobic effect, 38 has been observed. However, these interactions were not characterized and parameterized such that they could de®ne precise energy parameters that could be used for the detection of base stacking. 39 In order to include examples with large deviations from ideal parameters, we employed a geometrical approach that uses relaxed ranges of the values de®ned by the Gabb et al. method. 40 It has been shown that many inconsistencies exist in the atomic coordinates of RNA structures. The deviations measured in NMR spectroscopy and X-ray diffraction structures can be due to variations in the re®nement protocols and force ®elds, as well as to artifacts resulting from the determination processes. Stacking between two nitrogen bases is considered if the distance between their rings is less than 5.5 A Ê , the angle between the two normals to the base planes is inferior to 30 , and the angle between the normal of one base plane and the vector between the center of the rings from the two bases is less than 40 . The class of a stacking interaction is de®ned by the nucleotides involved in it (see Table 1 ).
Structural databases
Nucleotide conformations and base-base interactions identi®ed and annotated by MC-Annotate in all available DNA and RNA 3-D structures (see Materials and Methods) were stored in databases. Nucleotide conformations and base-base interactions originating from newly determined structures can thus easily be compared to all others, for instance to detect peculiar and similar regions.
Peculiarity
From the two distance metrics de®ned above, peculiarity factors were de®ned to identify speci®c nucleotide conformations and base-base interactions, as well as to detect possible stereochemical errors in a given RNA 3-D structure without having to visualize it. Each nucleotide conformation and base-base interaction is thus evaluated relatively to all other examples of its class, and its peculiarity, or adversely conformity, can be assessed using the peculiarity factor.
The degree of peculiarity of a feature v i is a measure, within its conformational space c, of how scarce the space surrounding v i is. A kernel-based density estimation method is therefore used with a Gaussian kernel function centered on each feature to evaluate its contribution to the peculiarity factor at a given point in conformational space. The degree of peculiarity is then given by:
where the sum is taken over all features v j (nucleotides or base-base interactions) of the same class as v i in the databases. The standard deviation s c determines the``size'' of the Gaussian kernel, that is, the extent to which a distant feature v j in the space of conformations contributes to the peculiarity at point v i . Since the size and density of conformational spaces vary within each class of features, we compute an unbiased estimate of the standard deviation in each class as follows:
where the difference (v i À v j ) is simply one of our distance metrics d(v i ,v j ) de®ned above. In order to compare peculiarity values, we express them as relative peculiarities using the expression:
Peculiarity values range from 0 to 1 with high values indicating high degrees of peculiarity.
Structural graphs
A structural graph is a computer representation of nucleic acid structures in which nodes correspond to nucleotides, and edges to spatial interactions between pairs of nucleotides. The ®rst level of annotation stores the atomic coordinates, torsion angles, and nitrogen base spatial interactions encoded by HTMs. The second level of annotation computes and attaches the symbols that characterize the nucleotide conformations and base-base interactions, as described in Table 1 . MC-Annotate generates the structural graph of any given DNA or RNA 3-D structure provided in the PDB format. This encoding of nucleic acid structures and the distance metrics, which relate nodes and edges, permits the use of many graph theoretical algorithms to explore higher-order nucleotide arrangements, such as motifs, both on the geometric and symbolic standpoints. Figure 8 shows the annotations attached to the nucleotide conformations and base-base interactions.
The rRNA domain binding protein L11
To illustrate the various possibilities of MC-Annotate, we have thouroughly analyzed the structure of the rRNA domain binding protein L11. The X-ray crystallography structure of this rRNA domain contains several non-standard conformations and structural distorsions, which are due to its interaction with the protein. The domain contains 58 nucleotides of the large subunit of the ribosome of Escherichia coli, and forms a complex with the ribosomal protein L11 (PDB code: 1QA6). 19 This highly conserved domain of the rRNA is an important functional site and a potential target for antibiotics. The role of protein L11 could be structural, in order to maintain the unusual fold of the rRNA domain. A careful analysis of the geometrical features of this domain is therefore an essential step to understand its function, and to character-
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ize its interactions with protein L11 and antibiotics. Here, using MC-Annotate, we provide further evidences and a quanti®cation of the unusual structural features reported by Conn et al. 19 The results of the annotation procedure are shown in Table 2 , which shows the symbolic description of each nucleotide and base-base interaction, as well as their associated degrees of peculiarity. All interactions originally predicted by Gutell 43 using comparative sequence analysis (CSA) on the large subunit rRNA are present in the crystal structure, and were identi®ed by our computer program. Using a graph isomorphism algorithm, we were able to identify and localize conserved motifs that occur both in the L11 binding domain and in many other PDB structures (see Table 3 ). Table 2 . Annotation results for the rRNA domain that binds to protein L11 Each feature is characterized by a symbolic class, as well as by a peculiarity, and the percentile of peculiarity within its class. Features with a relative high peculiarity (higher than 0.75) are highlighed.
Completeness of the base-base interaction database
Given the current database of base-base interactions, one might ask if it is complete, that is if the probing of new structures using X-ray crystallography, NMR spectroscopy, or any other experimental method is likely to provide more structural information, and thus improve our knowledge about base-base interactions. The answer to this question is particularly crucial to the development of empirical molecular modeling computer programs, and in particular to MC-Sym, whose accuracy and precision of the construction process Figure 9 . Database coverages. The curves show coverage increases of the conformational space as new randomly generated structures are added to the database. The upper curve is for the base stacking interactions and the lower curve is for the non-stacking base-base interactions. The positions indicated in the patterns refer to positions in the rRNA binding element. Molecules in which patterns of the same class were found are listed. The pattern matching was de®ned by the classi®cation symbols de®ned in Table 1 , as well as distances between the HTMs of the edges in the rRNA binding element and the HTMs in the targeted molecules. A distance cutoff of 2 A Ê for the base-base interactions was used.
highly depend on the diversity of examples currently available in the database. MC-Sym uses the database of base-base interactions to assemble new RNA structures that satisfy experimental and theoretical constraints. 18 An important assumption is the completeness of the database, which guarantees the construction of any possible RNA structures. In practice, it is often dif®cult to evaluate if the problems encountered in building a particular structure are caused by the use of a restricted conformational sampling, due to insuf®cient base-base interaction examples, or to inconstancies in the constraints. Therefore, it is of utmost importance to quantify the completeness of the base-base interaction database.
The distance metric developed above can be used to address the completeness of the database. We assume that a given spatial relation, M, is present in the database if the database contains a spatial relation, N, such that d(M, N) < c, where c is a distance cutoff that was arbitrarily ®xed to 1.75 A Ê . To evaluate the completeness of the database, 3000 single-stranded RNA structures were generated according to the protocol described in Materials and Methods. All adjacent base-base interactions were extracted from the random structures, and the base-base interactions that were not present in the database were counted, S a . The probability of ®nding a new interaction can be estimated by S a divided by the total number of randomly generated base-base interactions, S. Inversely, 1 À S a /S, represents the base-base interaction coverage of the database.
The stacking interaction database covers 87 % of all possible stacking interactions, and the nonstacking interaction database covers 26 % of all possible non-stacking adjacent interactions. In order to increase the diversity of base-base interactions in the database, and thus improve the precision of the MC-Sym construction procedure, the randomly generated structures were introduced in the database.
We then evaluated the number of such new random structures required to obtain a complete coverage, that is to reach a point where S a 0, for the stacking and non-stacking interactions. As above, all base-base interactions were compared to the existing examples of the database. However, after being compared, the randomly generated examples were inserted in the database. Figure 9 shows that as new examples are inserted, the coverages of stacking and non-stacking interactions increase, as expected. In the base stacking interaction database, coverage goes up to 99 %, after the insertion of only half of the randomly generated interactions, whereas in the case of non-stacking base-base interactions, coverage reaches an asymptotic point near 89 %.
Discussion
The rRNA domain binding protein L11 Figure 10(a) shows the 3-D structure of the rRNA domain that binds protein L11. As indicated by the yellow color, a large portion of the structure is peculiar. The RNA fold is centered around a fourbranch loop connecting, in clockwise order, stemloop A, loop B, stem-loop C, and helix B (see Figure 10(b) . In the 3-D structure, stem-loops A and C are parallel and adjacent. Helix B and loop B are parallel with each other, and antiparallel to stemloops A and C (see Figure 10(a) ). The large deviations of the Watson-Crick base-pairs A1057 ÁU1081 (Q The rRNA domain also contains three occurrences of the characteristic U-turn motif found in many RNA structures (see Table 3 ). The U-turn motif is a structured URRN loop that is stabilized by a H-bond between the 5 H U:N3 and the phosphate of the 3 H N, as well as base stacking between the Rs. 44 The motif has a very speci®c UR nonstacking interaction that possesses a low variability for this class. Among all of the non-stacking basebase interactions in the PDB, only 1 % are closer than 4 A Ê to the three UR interactions of the rRNA domain, which among them share distances less than 2.7 A Ê (Figure 11(h) ). The UR interaction lies in a stable subclass of adjacent interactions, which is not shown by the relatively high degrees of peculiarity with the other adjacent non-stacking interactions. This indicates the importance of specializing further each class and subclass of base-base interactions.
The U-turns are positioned at the beginning of loop A, U1066-A1067, B, U1083-A1084, and C, U1094-A1095, and reverse the direction of the phosphodiester chains. One of the U-turns allows loop A to be inserted deep inside the structure between helices A and C, where the loop interacts in unusual ways with the surrounding nucleotides. Conn et al. reported that this is an unprecedented con®guration for a hairpin loop. 19 Our results quantify this observation, since ®ve out of the eight adjacent interactions adopt peculiar conformations (Q H c > 0.5). In addition to the nucleotides G1071 and C1072, involved in two of the basetriples described above, the phylogenetically conserved G1070 stacks with U1061 (Q H c 0.86; Figure 11 (e)) in a peculiar way to stabilize the structure, and to expose to the solvent the Hoogsteen edge of G1070 and the Watson-Crick edge of U1061. These two nucleotides, as well as the solvent-exposed A1067 and A1095 found in the two nearest U-turns, are suspected to interact with other components of the ribosome and possibly other molecules. 19 Other occurrences of this particular type of base stacking were found in the Many peculiar conformations were found in the region near the protein binding site, indicating a structural role of the protein in the stabilization of these unusual base-base interactions. These distorsions can be attributed to the electrostatic in¯uence of protein L11, or to the formation of an uncommon, but speci®c, protein binding site in the domain. On one hand, mutations at the binding site of the rRNA reduce L11 binding af®nity. 46 On the other hand, the protein interactions stabilize the entire rRNA domain. 47 The phylogenetically conserved nucleotides G1059, U1060 and A1088 are at the heart of the protein binding site where the nearly invariant U1060 and A1088 interact in a well-formed Hoogsteen base-pair (Q H c 0.36), although A1088 adopts an unusual C3
H -exo syn conformation (Q H c 1.00, Figure 11 (a)). A peculiar adjacent relation between nucleotides G1087 and A1088 (Q H c 0.87), in stem C, is necessary to accommodate the insertion of A1088 into helix A (Figure 11(f) ). Also, nucleotide A1061 bulges out of helix A in an unfamiliar way to accomodate stacking with G1070, as mentioned above. U1078 also bulges out of the helix. These bulges introduce an abrupt change in the helix axis. Nucleotide U1060 interacts with G1059 in a reverse stacking con®guration (Q H c 1.00, Figure 11(d) ), which reverses the polarity of the backbone in the helix and exposes its major groove edge to the solvent. We found a similar relation in the NMR structure of the AMP-RNA aptamer complex, 48 as well as in the NMR structure of the Rev-RRE complex, 49 as observed by Conn et al. 19 This unusual conformation creates a particularly reactive binding site by exposing many H-bond acceptors to the solvent. In summary, most of the relevant features of the rRNA domain that binds protein L11 involve uncommon nucleotide conformations and basebase interactions. Here, MC-Annotate was useful for targeting and quantifying these conformational features. Since function can be attributed to structural speci®city, ®nding conformational features deviating from the norm can be useful for identifying structure-function relations. In a similar way, ®nding highly conserved conformations, such as those de®ning the U-turn motif, can also result in structure-function information.
Base-base interaction database
The protocol used to evaluate the base-base interaction database coverage has allowed us to quantify the stacking and non-stacking interactions. The stacking interaction database covers 87 % of all possible stacking interactions, and the non-stacking interaction database covers 26 % of all possible non-stacking adjacent interactions. This observation was consistent with the fact that MC-Sym builds stacked regions more easily than non-stacked ones, such as unstructured loops. 50 It was assumed that we could generate all stereochemically sound stacking and non-stacking base-base interactions by applying the molecular dynamics protocol (see Materials and Methods) to single-stranded oligonucleotides. In fact, since some adjacent base-base interactions are stabilized by secondary and tertiary structures, it is very dif®cult to reproduce some unusual examples using molecular dynamics. It is highly probable that these structures were not generated using our protocol, and indicates that our results might correspond to overestimates of the database completeness. It is also important to note that the completeness was only quanti®ed for adjacent interactions, and thus non-adjacent (pairing and stacking) interactions appearing in larger structures are dif®cult to explore using this approach.
These results are particularly important in the interpretation of the absolute peculiarity values obtained in the annotations, since they are arti®-cially raised in the context of incomplete sets. In particular we should expect systematically higher peculiarity for non-stacking than for stacking interactions. Pecularity factors should only be used to compare interactions from equally complete sets. With the introduction of newly determined 3-D structures in the MC-Annotate databases, we expect a steady decrease in peculiarity values, re¯ecting the fact that each structure increases the amount of structural knowledge contained in the database. However, the peculiarity values of unsound nucleotide conformations and base-base interactions will increase.
Conclusion
The proposed annotation procedure simpli®es the analysis of experimentally and theoretically determined structures. In particular, MC-Annotate allows one to classify the nucleotide conformations and base-base interactions, and to detect marginal regions that could indicate interactions with other molecules, or new sites that are responsible for structure and/or function. The results of the analysis of the rRNA domain binding L11 support these facts. The key interactions that were identi®ed by the analysis correspond to actual structures involved in protein binding. Therefore, peculiarity values can be used to identify original and new structural features, as well as potentially faulty ones, and offer a fast approach to verify the presence of similar features in other RNA structures.
The interpretation of peculiarity values depends on the parameters used to classify the conformations and base-base interactions, and of the standard deviation of the Gaussian distributions. The distribution in each class varies, and therefore the interpretation is different for each class. In practice, we consider that peculiarity values higher than 0.75 for nucleotide conformations or basebase interactions indicate regions of interest. The peculiarity values should never be interpreted independently of the distributions they are calculated from.
Many aspects of this work have implications for the MC-Sym molecular modeling computer program. First, the annotation procedure makes it possible to accurately and automatically build nucleotide conformations and base-base interaction databases. The two distance metrics allowed us to de®ne a more ef®cient sampling of the conformational space of nucleic acids. With the introduction of random structures in the database, the modeling process was improved and now re¯ects more accurately the actual conformational space of nucleic acids.
Obviously there exists a bias towards standard A-form helices in the databases, since a large portion of the PDB structures contain only small DNA and helical RNA fragments. Nevertheless, with the ever increasing size of the nucleic acids repository, any bias should disappear as the conformational diversity increases. In fact, with the recent introduction of rRNA crystal structures, a signi®cant addition was made to the structure database, and consequently to our knowledge about RNA structure. For instance, between August 2000 and January 2001, the base-base interaction database coverage augmented by factors of 6 % and 7 %, respectively for the stacking and non-stacking interactions.
Materials and Methods
MC-Annotate was developped under a Linux environment using the MC-Sym software development library. The code was developed in C, and is therefore portable to several other computer architectures such as IRIX and SunOS among others. To accommodate as many users as possible, the computer program was made available through the Web, which eliminates any need for a local installation. The Web application provides a user-interface allowing one to easily browse the results of a particular annotation. DNA and RNA 3-D structures in the PDB format can be submitted at www-lbit.iro.umontreal.ca/ mcannotate/ The Results were obtained using a database of nucleotide conformations and base-base interactions from 1630 RNA and DNA 3-D structures, taken from the PDB 2 database, as of January 2001, as well as from a limited number of personal contributions. Some ®les from the PDB were not used, since they did not conform to the PDB format speci®cations. Examples of faulty PDB ®les include those containing multiple models without the ENDMDL tags, and ®les with misidenti®ed or incomplete nucleotides. Hydrogen atoms were added, to the PDB and NDB structures lacking them, prior to the analysis of bond lengths and angles as described in the Cornell et al. force ®eld. 50 The adjacency of nucleotides was determined either by using the PDB nucleotide numbering system, 2 or by a maximum length of 2 A Ê for the O3 H Ð P chemical bond. The resulting databases contain 108,240 nucleotide conformations (8.9 % from rRNA structures), and 140,645 base-base interactions (10.8 % from rRNA structures). The considered rRNA structures were 1FFK, 1FFZ, 1FG0, 1FJF, 1FJG, 1FKA, 1G1X, and 1HR0.
To evaluate the completeness of the database, 3000 single-stranded RNA structures were generated using MC-Sym, and were re®ned using a 15 ps molecular dynamic simulation in which we reduced the temperature from 500 K to 0 K in the ®rst 10 ps. The oligomer AACGCAUAGGUCCUUGA was used with a sampling of ®ve non-stacking base-base interaction examples from the MC-Sym database and the ideal A-RNA type nucleotide conformation for each position, de®ning a conformational search space of 5 16 1.5 Â 10 11 possible conformations. No distance constraints were used, except for a 1 A Ê cutoff for steric clashes. Each generated structure had at least an RMSD of 5 A Ê with any other, when computed for the nitrogen base atoms only, to guarantee a suf®cient structural diversity. The program sander from the Amber 4.1 suite of programs was used with the Amber 94 force ®eld.
52 All 1-4 electrostatic interactions were scaled by a factor of 1.2 as suggested by Pearlman et al. 51 A distance-dependant dielectric model, e 4R ij , for the Coulombic representation of electrostatic interactions was used, as suggested by Pearlman et al. 51 The randomly generated structures were signi®-cantly different from the starting MC-Sym structures, since no equilibration was applied. This property was important, since the goal of this protocol was to generate new base-base interactions. Here, 11,121 stacking and 36,879 non-stacking interactions were generated using this protocol.
